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During spermatogenesis, germ cells undergo mitotic and meiotic divisions to form haploid round spermatids which mature
to functional elongated spermatozoa. During this process there occurs remodeling of cell structure and loss of most of the
cytoplasm and a large fraction of cellular proteins. To evaluate the role of the ubiquitin proteolytic system in this protein
loss, we measured levels of ubiquitinated proteins and rates of ubiquitin conjugation in extracts of testes from rats of
different ages. Endogenous ubiquitin–protein conjugates increased till day 30 and then reached a plateau. In parallel, there
was a progressive increase in the rate of conjugation of ubiquitin to proteins in testis extracts from these animals. To test
the importance of two major ubiquitin conjugating enzyme families in the conjugation, immunoprecipitation of UBC2 or
UBC4 from 10- and 30-day-old testis extracts was carried out and the remaining conjugation activity in supernatants was
assayed. Depletion of either enzyme family resulted in decreased conjugation. However, most of the conjugation activity
and, more importantly, the increased conjugation during development were UBC4-dependent. Immunocytochemistry
demonstrated a marked increase in expression of UBC4 in spermatids, consistent with the UBC4-dependent activation of
conjugation seen in vitro. In situ hybridization studies evaluated the contribution of various UBC4 isoforms to this
induction. UBC4-1 mRNA was expressed in most cells. UBC4-2 mRNA was restricted to germ cells with high levels of
expression in round and elongated spermatids. UBC4-testis had previously been shown to be expressed only in spermatids.
Our data suggest that induction of various UBC4 isoforms activates overall conjugation and plays an important role in the
cellular remodeling and protein loss occurring during spermatogenesis. © 1999 Academic PressKey Words: spermatogenesis; spermiogenesis; ubiquitin; testis; ubiquitin conjugating enzymes.INTRODUCTION
Spermatogenesis is a complex process of cellular differ-
entiation involving mitotic stem cell proliferation and
meiosis, followed by a subsequent remodeling of haploid
spermatids that results in the formation of mature sperma-
tozoa (reviewed in Clermont et al., 1993). During prolifera-
tion, spermatogonia undergo repeated mitotic divisions,
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All rights of reproduction in any form reserved.giving rise to primary spermatocytes, which, in turn, enter
into two meiotic divisions to form haploid spermatids. The
subsequent remodeling of haploid spermatids, also known
as spermiogenesis, is an intricate process that includes the
formation of acrosome, condensation and shaping of the
nucleus, development and dissolution of the microtubular
“manchette,” and the generation of a motile flagellar appa-
ratus and associated accessory structures. During this pro-
cess several organelles such as the endoplasmic reticulum,
Golgi apparatus, mitochondria, and nucleus also undergo
structural and biochemical changes (Bellve´, 1979; Clermont
and Rambourg, 1978; Oko and Clermont, 1991). For ex-
ample, in the nucleus of round spermatids, histones are
degraded and replaced by transition proteins and ultimately
by protamines and these changes cause the chromatin to
become tightly compacted and condensed (Ward and Cof-
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218 Rajapurohitam et al.fey, 1991). Loss of most of the cytoplasm also occurs during
spermiogenesis (Russell, 1979). These changes together
result in a major loss of cellular proteins. Some of this
protein loss can be accounted for by the phagocytosis and
elimination of residual bodies by Sertoli cells (Morales et
l., 1985). However, recent evidence suggests that the
biquitin/proteasome system may also be involved (see
elow).
The ubiquitin/proteasome proteolytic pathway is well
ecognized for its role in the selective targeting of proteins
or degradation. Ubiquitin, an 8-kDa peptide, forms an
sopeptide bond via its carboxy terminus to e-amino groups
of lysine residues of target proteins and thus marks the
target protein for recognition and degradation by the 26S
proteasome (reviewed in Hochstrasser, 1996). The ubiquitin
pathway is a multistep process (Hershko et al., 1983). First,
ubiquitin is activated by ubiquitin activating enzyme (E1)
with the formation of a high-energy thiol ester linkage
between the carboxy terminus of ubiquitin and the cysteine
residue in the active site of E1 in an ATP-dependent manner
(Haas et al., 1982). In the second step, ubiquitin is trans-
ferred to the active site cysteine of ubiquitin conjugating
enzymes (E2). Finally, these E2s ligate the ubiquitin directly
to substrates or in concert with ubiquitin protein ligases
(E3s) which bind substrates (Pickart and Rose, 1985). E3s act
either as docking proteins (Reiss et al., 1989), bringing
substrate and E2s together, or as the final acceptor of
ubiquitin, forming a thiol ester intermediate with ubiquitin
before transferring it onto the substrates (Scheffner et al.,
1995).
The ubiquitin system has been implicated in many im-
portant cellular processes such as DNA repair (Jentsch et
al., 1987), cell cycle control (reviewed in King et al., 1996),
and regulation of transcription (Palombella et al., 1994), and
in all of these processes, highly selected proteins appear to
be targeted in a precisely regulated manner. In contrast,
much less is known about the importance of this pathway
in conditions leading to large amounts of protein degrada-
tion. The ubiquitin system appears to be involved in the
response to heat shock where diverse proteins likely be-
come denatured and targeted for degradation (Bond and
Schlesinger, 1986; Finley et al., 1987). Also this system has
been implicated in the cellular atrophy that occurs in
skeletal muscle under various catabolic conditions (re-
viewed in Argiles and Lopezsoriano, 1996; Mitch and Gold-
berg, 1996). Finally, it has also been cited as important in
the restructuring of the reticulocyte as it matures to an
erythrocyte (Wefes et al., 1995). However, the role of the
ubiquitin system in the bulk protein loss occurring during
spermatogenesis remains unclear.
Previously it has been shown that a homologue of ubiq-
uitin activating enzyme is a candidate gene at the spy locus
of the mouse genome, a locus essential for spermatogenesis
(Kay et al., 1991; Mitchell et al., 1991). The mammalian
homologues of the yeast E2, UBC2 (RAD6), HHR6A, and
HHR6B, are expressed diffusely but prominently in the
testis (Koken et al., 1996). Inactivation of HHR6B in the
Copyright © 1999 by Academic Press. All rightmouse results in incomplete spermatogenesis (Roest et al.,
1996). Recently we have shown that mammalian homo-
logues of Saccharomyces cerevisae UBC4/UBC5 are ex-
pressed in the testis (Wing and Jain, 1995). Interestingly,
UBC4/UBC5 are responsible for most of the steady state
ubiquitination in the yeast cell (Seufert and Jentsch, 1990)
and therefore the mammalian homologues may have a role
in bulk protein degradation such as occurs during spermato-
genesis. Indeed, one particular isoform (UBC4-testis) is
spermatid specific and induced during spermiogenesis
(Wing et al., 1996). To characterize then more clearly the
importance of the ubiquitin system in protein loss during
germ cell development, we have determined whether ubiq-
uitination of proteins is increased during development of
the testis and evaluated the relative roles of the mammalian
homologues of UBC2 and UBC4/UBC5 in this process.
MATERIALS AND METHODS
Preparation of testis extracts. Testes from Sprague–Dawley
rats (Charles River Laboratories) ages 10, 15, 20, 25, 30, 35, 40, 45,
and 65 days were isolated, sliced, and homogenized in 5 vol of
ice-cold buffer containing 0.25 M sucrose, 50 mM Tris, pH 7.5 (at
4°C), 1 mM DTT, 1 mM EDTA, and protease inhibitors 1 mM
PMSF, pepstatin A (10 mg/ml), and leupeptin (10 mg/ml). The
homogenates were centrifuged at 10,000g and then at 100,000g for
0 min at 4°C. The final supernatants were used to determine rates
f ubiquitin conjugation and for immunoprecipitation studies. To
easure levels of ubiquitin–protein conjugates, testes were dis-
ected and homogenized in ice-cold buffer as above except DTT
as replaced by 5 mM N-ethyl maleimide, a nonspecific cysteine
odifier which inactivates deubiquitinating enzymes. These ho-
ogenates were clarified by centrifugation at 3000g for 20 min at
4°C. Protein contents were estimated using the Bradford assay.
SDS–PAGE and Western blotting for endogenous ubiquitin–
protein conjugates and free ubiquitin. Protein (50 mg) from testis
extracts prepared with 5 mM N-ethyl maleimide was resolved on
10% SDS–PAGE gels and transferred to 0.45-mm nitrocellulose
membranes. Following transfer, membranes were stained with
Ponceau red to confirm that protein bands were sharp and not
suggestive of any inappropriate proteolysis occurring in the ex-
tracts. Membranes were probed with a monoclonal anti-ubiquitin
antibody specific for ubiquitin conjugated to proteins (Fujimoro et
al., 1994) (FK2, International Bioscience, Inc.) at 1:500 dilution
followed by incubation with the secondary antibody 125I-labeled
goat anti-mouse IgG. The membranes were exposed to X-ray films
and for quantification, phosphorimager analysis was carried out
using a Fuji imaging plate (Fuji Photo Film Co., Ltd.). To measure
levels of free ubiquitin, the protein samples were resolved on 15%
acrylamide gels and transferred to 0.1-mm nitrocellulose mem-
branes. The blots were then probed with polyclonal anti-ubiquitin
antibodies (Sigma) diluted 1:50 followed by the secondary antibody
125I-labeled goat anti-rabbit IgG. To correct for some variations in
transfer between gels, protein on the blots were stained with amido
black and each lane was quantitated by reflectance densitometry.
Smaller quantities of some samples were loaded to confirm reason-
able linearity of the assays.
Northern hybridization. RNA was prepared from testes of
animals of various ages by the guanidium thiocyanate CsCl
method (Ausabel et al., 1993). RNA blotting was performed by
s of reproduction in any form reserved.
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219UBC4-Dependent Ubiquitination in the Testisresolving 15 mg of RNA on 1% agarose gels containing formalde-
hyde followed by transfer to nylon membranes and cross-linking
with UV light. The membranes were hybridized with 32P-labeled
robes encoding the chicken polyubiquitin gene (Bond and
chlesinger, 1986) previously shown to cross-react with rat ubiq-
itin mRNA (Wing and Goldberg, 1993) or glyceraldehyde-3-
hosphate dehydrogenase (GAPDH) (Fort et al., 1985), washed, and
hen subjected to autoradiography. Quantification was performed
y phosphorimager analysis.
Preparation of anti-UBC2 and anti-UBC4 antibodies. Maltose
inding protein fusions of UBC4-1, UBC4-testis, and UBC2 were
xpressed by transforming Escherichia coli with pMAL-c2 plas-
mids (New England Biolabs) containing the coding sequences
inserted distal to the maltose binding protein (MBP) gene. The
recombinant fusion proteins were isolated on amylose resins
according to the manufacturer’s instructions. To prepare anti-
UBC4 antibodies, a mixture of purified MBP–UBC4-1 and MBP–
UBC4-testis was used with Freund’s adjuvant to immunize rabbits.
Anti-UBC2 antibodies were similarly prepared. Antibodies were
purified by passing the crude serum over Affigel 15 or Affigel 10
(Bio-Rad) to which had been coupled native UBC2 or UBC4-1
protein, respectively. The affinity-purified UBC4 antibody detected
both UBC4-1 and UBC4-testis on Western blots (Fig. 4A).
Conjugation assays. Rates of incorporation of ubiquitin into
testis proteins were measured by incubation of testis cytosol
containing 25 mg of protein with 50 mM Tris (pH 7.5), 1 mM DTT,
2 mM MgCl2, 2 mM 59adenylyl imidodiphosphate (AMPPNP), 5
mM 125I-labeled ubiquitin (.3000 cpm/pmol) in a total volume of 20
ml at 37°C for 10 min. AMPPNP can support formation of conju-
gates since E1 hydrolyzes ATP to AMP, but does not support
proteasome-mediated degradation of conjugates, which involves
hydrolysis of ATP to ADP. Pilot studies following the time courses
of the reactions determined that conjugation rates were linear for
10 min in extracts from all age groups studied and that the
concentration of exogenous labeled ubiquitin was in significant
excess of any endogenous ubiquitin (i.e., addition of larger amounts
of radiolabeled ubiquitin did not alter rates of conjugation). Thus,
under these assay conditions, the rates of incorporation represented
the inital velocities of the reactions. Following incubation, conju-
gated ubiquitin was resolved from free ubiquitin peptide by SDS–
PAGE on 10% acrylamide gels and detected by autoradiography.
Gels were stained with Coomassie blue to confirm that protein
bands were sharp and not suggestive of proteolytic damage of the
extracts. The staining also permitted precise excision of the lanes
to measure the incorporated radioactivity.
Immunoprecipitation of UBC2 and UBC4. Affinity-purified
anti-UBC2 or anti-UBC4 antibody (;1 mg) was incubated with 30
ml of a 50% Protein A–Sepharose slurry at 4°C for 3 h and
centrifuged for 1 min at 13,000g. The supernatant was discarded.
The pellet containing the bound antibodies was mixed with testis
cytosol containing 185 mg of protein in 100 ml and shaken for 3 h at
°C and then centrifuged for 1 min at 13,000g. Aliquots (25 mg) of
he supernatant, now immunodepleted for either of the above two
roteins, were assayed for conjugating activity as described above.
s a control, the same procedure was carried out with preimmune
erum. The supernatants and pellets obtained following immuno-
recipitation were probed by immunoblotting for UBC2 and UBC4
roteins to check for efficiency and specificity of immunoprecipi-
ation.
Tissue fixation and immunohistochemical staining. Adult
prague–Dawley rats were anesthetized with sodium pentobarbi-
al. The testes were fixed with Bouin’s fixative by perfusion
Copyright © 1999 by Academic Press. All righthrough the abdominal aorta. The testes were removed, dehydrated
n graded ethanol, and embedded in paraffin. Paraffin sections (5
mm thick) were incubated with affinity-purified anti-UBC4 anti-
body and reacted with a peroxidase-conjugated anti-rabbit IgG
(Moussa et al., 1994; Oko, 1998). Normal rabbit serum was used for
ontrols. Concentration of primary antibody was 0.1 mg/ml and
normal rabbit serum was diluted 1:100.
In situ hybridization. Adult Sprague–Dawley rats were anes-
thetized with sodium pentobarbital and the testes were perfused
through the abdominal aorta with 4% paraformaldehyde, 2%
glutaraldehyde, and 3% dextran sulfate in 0.05 M phosphate buffer
(pH 7.4) for 15 min. Following perfusion the testes were separated
and immersed in the same fixative for 5 h at 4°C. The tissues were
then cut into small blocks of 1 mm 3 1 mm 3 10 mm approxi-
ately and embedded in 2% melted agar (60°C). Finally the tissues
ere chopped with a vibrotome into 60-mm-thick frontal sections.
roups of 10 sections were collected in autoclaved vials and
ashed three times in RNase-free 0.05 M phosphate buffer (pH 7.4)
t room temperature. Glycine (1 M) was added to the buffer to
eutralize aldehyde groups. Prehybridization and hybridization
rocedures were performed as described previously (Morales et al.,
991). Briefly, the testicular sections were transferred from the
hosphate buffer to the prehybridization buffer containing 43 SSC
13 SSC: 0.15 M NaCl, 0.015 M sodium citrate) and 13 Denhardt’s
olution for 1 h at room temperature with gentle agitation. The
ections were then immersed in hybridization buffer containing 1
l of 83 SSC, 1 ml of deionized formamide, 100 ml of Sarkosyl (2.3
mg/ml), 200 ml of 1.2 M phosphate, and either 3H-labeled antisense
UBC4-1 or UBC4-2 probe or 3H-labeled sense UBC4-1 or UBC4-2
probe (Wing et al., 1996). After hybridization overnight at 40°C the
sections were rinsed sequentially at the same temperature in 43
SSC and 0.13 SSC for 1.5 h. Following the washes, the sections
were impregnated in potassium ferrocyanide-reduced osmium for
15 min, quickly dehydrated in 50, 70, 90, 95, and 100% ethanol and
propylene oxide, and embedded in epon. Prestained hybridized
testicular sections (1 mm) were coated with Kodak NTB-2 nuclear
mulsion and after 7 days were developed with Kodak D-170
Morales et al., 1991).
RESULTS
Regulation of ubiquitin pools and polyubiquitin mRNA
expression. During the differentiation of germ cells to
their mature forms, there is a major reorganization of
overall cell structure and its constituents. In such a large-
scale remodeling, a large fraction of cellular proteins must
undergo degradation. We hypothesized that if the ubiquitin-
dependent proteolytic system is involved in hydrolysis of a
significant fraction of these proteins, then increased overall
ubiquitination of proteins might be observed. To test this
possibility, we quantified the levels of ubiquitinated pro-
teins in testes from various days of postnatal development.
Since progressively more mature germ cells appear in the
testis with increasing age of the prepubertal male rat (Petrie
and Morales, 1992), it is possible to correlate the findings
with different stages of maturation. Using an antibody that
is specific for ubiquitin–protein conjugates, we observed a
progressive increase in levels of ubiquitinated proteins in
the testis up to day 30 after which the levels appeared to
plateau (Fig. 1A). Most of the immunoreactivity was in
s of reproduction in any form reserved.
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220 Rajapurohitam et al.high-molecular-weight conjugates migrating near the top of
FIG. 1. Endogenous levels of ubiquitin–protein conjugates and
free ubiquitin during development of the testis. (A) Protein (50 mg)
from testes of the indicated ages was resolved on a 10% acrylamide
gel and transferred to a 0.45-mm nitrocellulose membrane. The
embrane was probed with a monoclonal anti-ubiquitin antibody
K2 specific for ubiquitin–protein conjugates followed by detection
ith 125I-labeled goat anti-mouse antibody and then subjected to
autoradiography. Shown on the left are representative samples and
on the right are the results of quantification (means 6 SEM) for six
amples at each age by phosphorimager analysis. The data were
ubjected to one-way ANOVA and statistically significant differ-
nces were found among the means (P , 0.001). Values at day 35
nd beyond are significantly different from the day-10 sample (P ,
0.05). Molecular weight markers are as indicated; top refers to
position of the top of the resolving gel. (B) Protein (50 mg) from
testes of the indicated ages was resolved on 15% acrylamide gels
and transferred to a 0.1-mm nitrocellulose membrane. The mem-
brane was probed with a polyclonal anti-ubiquitin antibody (that
recognizes both free and conjugated ubiquitin) followed by detec-
tion with 125I-labeled goat anti-rabbit antibody and then subjected
to autoradiography. Shown on the left are representative samples of
the free ubiquitin band (which migrates anomalously at ;6.5 kDa
(Ciechanover et al., 1980)) and on the right the results of quantifi-
cation (means 6 SEM) for six samples at each age by phosphorim-
ager analysis. The data were subjected to one-way ANOVA and
means were found to be not significantly different.the resolving gel. A smaller ;70-kDa immunoreactive band
was also seen, but was a minor component of the total d
Copyright © 1999 by Academic Press. All rightonjugates detected. To determine whether this increase in
onjugate levels resulted in a decrease in the pool of free
biquitin, we quantified levels of free ubiquitin using an
ntibody that recognizes free and bound ubiquitin. There
ere no significant changes in levels of free ubiquitin (Fig.
B), indicating that with increasing age, there is an increase
n total expression of ubiquitin. Thus, there is an accumu-
ation of ubiquitinated proteins which appears to plateau at
ay 30 postpartum which coincides with the appearance of
longated spermatids in the developing testis, i.e., the cells
hich exhibit remodeling and undergo nuclear condensa-
ion.
To test whether this increased expression of total ubiq-
itin was due to induction of the polyubiquitin genes,
hich encode most of the ubiquitin synthesized under
onditions of increased demand for ubiquitin (Finley et al.,
987; Wing and Goldberg, 1993), we determined the levels
f expression of polyubiquitin mRNA in testes derived from
he various stages of development. As seen in other rat
issues (Wing and Goldberg, 1993), two transcripts, derived
rom two distinct polyubiquitin genes (Schlesinger and
ond, 1987), are readily detectable (Fig. 2). Indeed, there was
six- to eightfold increase in levels of ubiquitin mRNA,
hich peaked at 30 days and then appeared to decrease with
urther development (Fig. 2). Since protein levels remained
onstant, persisting after the slight decline in mRNA, this
uggested that ubiquitin protein is relatively stable.
FIG. 2. Induction of polyubiquitin mRNA levels during testis
development. RNA samples prepared from testes of the indicated
ages were resolved on a 1% agarose gel and transferred to a nylon
membrane. Following hybridization with 32P-labeled polyubiquitin
r GAPDH probes, the membranes were washed and subjected to
utoradiography. Two polyubiquitin transcripts were detected.
hown on the left are representative samples and on the right are
he results of quantification (means 6 SEM) for four samples at
each age by phosphorimager analysis and the results plotted as ratio
of polyubiquitin/GAPDH. The data were subjected to one-way
ANOVA and statistically significant differences were found among
the means (P , 0.01). Values at days 30 and 35 are significantly
ifferent from those at day 10 (P , 0.05).
s of reproduction in any form reserved.
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221UBC4-Dependent Ubiquitination in the TestisRegulation of ubiquitin conjugation in testis extracts.
The accumulation of ubiquitinated proteins in the testis
suggested that there is an activation of conjugation of
ubiquitin to proteins. To test this possibility, we performed
conjugation assays in vitro using radiolabeled ubiquitin and
quantified the rate of incorporation of ubiquitin into pro-
teins in extracts of the testes at different stages of postnatal
development. It was seen that the rate of conjugation
increased progressively, peaking at 30 days (Fig. 3). Most of
the conjugates are of high molecular weight (.100 kDa),
consistent with the formation of polyubiquitinated pro-
teins, which in previous in vitro studies have been shown to
e preferentially degraded by the proteasome (Hershko et
al., 1984). There was a twofold increase in the rate of
conjugation during development with accumulation of
these high-molecular-weight conjugates. A lower molecular
weight conjugate of ;70 kDa could also be detected, but it
as a minor product and did not appear subject to develop-
ental regulation.
The isoforms of two subfamilies of E2s, UBC2 and UBC4,
hich are mammalian counterparts of S. cerevisiae RAD6
and UBC4/5, respectively, are capable of supporting conju-
gation of ubiquitin to a broad spectrum of proteins (Pickart
and Rose, 1985; Wing and Jain, 1995). Since we observed
increases in overall high-molecular-weight ubiquitin–
protein conjugates, we anticipated that these enzymes
might be involved in the conjugation. To examine these
FIG. 3. The rate of conjugation of ubiquitin to proteins is acti-
vated during development of the testis. Protein (25 mg) from testis
xtracts prepared from animals of the indicated ages was incubated
n 50 mM Tris, pH 7.5, 1 mM DTT, 2 mM MgCl2, 2 mM 59adenylyl
midodiphosphate, 5 mM 125I-labeled ubiquitin (3000 cpm/pmol) at
37°C for 10 min. Reaction products were subjected to electrophore-
sis by SDS–PAGE on 10% acrylamide gels to remove free ubiquitin.
The gels were stained with Coomassie blue, dried, and subjected to
autoradiography. Shown on the left are representative samples and
on the right the lanes of the gel were cut and counted in a gamma
counter. Shown are the mean 6 SEM for six samples. The data were
ubjected to one-way ANOVA and statistically significant differ-
nces were found among the means (P , 0.01). Values at days 30
nd 40 are significantly different from those at day 10 (P , 0.05).
olecular weight standards are as indicated; top refers to top of the
esolving gel.possibilities, we immunodepleted the extracts of each of
these E2s and measured the remaining conjugation in order
s
f
Copyright © 1999 by Academic Press. All righto characterize carefully the relative importance of these
wo enzyme families in the activated conjugation observed
Fig. 4). The antibodies against one E2 family did not
ross-react with the other and were able to deplete more
han 90% of the target E2 from the extracts (Fig. 4A). The
0- and 30-day-old testes were selected because it was at
hese ages that rates of conjugation were lowest and high-
st, respectively. UBC2 or UBC4 was quantitatively immu-
oprecipitated individually from the extracts and rates of
onjugation remaining in the supernatants were measured.
o serve as controls, the testis extracts were similarly
reated with preimmune serum. In 10-day-old testis, re-
oval of UBC2 resulted in an approximately 25% decrease
n total conjugation while removal of UBC4 resulted in an
pproximately 40% fall in total conjugation (Figs. 4B and
D). In 30-day-old testis, UBC2 was responsible for 32% of
otal conjugation while UBC4 contributed to 56% of total
onjugation. Following immunodepletion of UBC4 but not
ollowing immunodepletion of UBC2, the increase in rates
f conjugation between 10 and 30 days was abolished (Fig.
D). To be certain that the observed decrease in rate of
onjugation upon immunoprecipitation of UBC2 and UBC4
s due to depletion of these enzymes and not due to other
omponents that might have been brought down during
mmunoprecipitation, E2 depleted extracts were resupple-
ented with purified UBC2 or UBC4-1. Indeed conjugation
ates were stimulated by readdition of the E2s and gener-
ted high-molecular-weight conjugates, some so large as to
emain in the stacking gel (Fig. 4C).
Since depleting the extracts of E2s lowered the rates of
onjugation, we tested whether E2 levels might be rate-
imiting by determining whether adding more E2 to the
xtracts would stimulate conjugation (Fig. 5). Concentra-
ions of E2s were added that in previous studies were shown
o be saturating for binding to some E3 enzymes (Haas and
right, 1988). Conjugation rates in extracts from 10-day
estis were stimulated by addition of UBC2 while no effect
as seen in extracts from 30-day testis. In contrast, addition
f UBC4-1 stimulated conjugation to high levels in testis
xtracts from both ages. Thus E2 levels can be limiting in
hese conjugation assays and UBC4-1 appeared to be a more
otent stimulator of conjugation. In contrast, supplement-
ng extracts with E1 at 25 nM (Fig. 5) (a concentration
nown to be saturating for binding to E2s) (Haas et al., 1988)
r a large excess—250 nM (data not shown)—did not
ncrease conjugation rates, indicating that E1, in contrast to
2s, is not limiting.
Immunocytochemical analysis of UBC4 expression.
ur data indicating a UBC4-dependent activation of conju-
ation when spermatids begin to accumulate in the devel-
ping testis suggested that levels of E2 may regulate conju-
ation. We tested by immunocytochemistry whether
nduction of UBC4 does indeed take place in these cells.
mmunostaining with anti-UBC4 antibody showed stage-
pecific variations in the staining of cross sections of
eminiferous epithelium (Figs. 6a–6d). No reactivity was
ound in testicular interstitial cells, Sertoli cells, and sper-
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightmatogonia. A weak but gradually increasing reactivity was
found in the cytoplasm of midpachytene/diplotene sper-
matocytes (Figs. 6c and 6d). A moderate immunostaining
was visualized in round spermatids (steps 1–8) and a strong
FIG. 5. Effects of supplementation of testis extracts with exog-
enous E1, UBC2, and UBC4-1 on rates of conjugation. (A) Conju-
gation rates were measured in testis extracts from 10- and 30-day-
old rats with or without (control) supplementation by exogenous
E1 (25 nM) or indicated E2s (250 nM). Shown are autoradiograms of
representative samples. The molecular weight markers are indi-
cated; top refers to top of the resolving gel. (B) Conjugation rates in
the presence and in the absence of exogenous E1, UBC2, and
UBC4-1 in 10- and 30-day-old rat testis extracts. The data (ex-
pressed as cpm 125I-labeled ubiquitin incorporated/min) are shown
as means 6 SEM of six samples. Means that are significantly
different from control are indicated (*P , 0.005).
ubiquitin incorporated/min) are shown as means 6 SEM of six
samples for 10 days and of eight samples for 30 days. Differences
between 10- and 30-day values that are significant are indicated.FIG. 4. UBC2- and UBC4-dependent conjugation activities in
testis extracts from 10- and 30-day-old rats. (A) The anti-UBC2 and
anti-UBC4 antibodies can immunodeplete specific subfamilies of
E2s. Testis extracts were subjected to immunoprecipitation with
the indicated antibodies or preimmune serum. Aliquots of super-
natants following immunoprecipitation were subjected to SDS–
PAGE, transferred to 0.1-mm nitrocellulose membranes, and im-
unoblotted with the indicated antibodies. Samples of purified
BC2 and UBC4-1 and UBC4-testis (UBC4-T) were also run in
arallel as standards and to demonstrate that the anti-UBC4
ntibodies recognize both isoforms. UBC4-1 was slightly degraded
nd therefore appeared as a doublet. (B) Testis extracts from 10- and
0-day-old rats were immunoprecipitated with either preimmune
erum (PIS) or anti-UBC2 or anti-UBC4 antibodies. Rates of conju-
ation of ubiquitin into testis proteins in the remaining superna-
ants were determined as in Fig. 3. Shown are representative
amples. (C) Immunodepleted supernatants were resupplemented
ith 250 nM UBC2 or UBC4-1 protein and conjugation assays were
erformed. Shown are representative samples. (D) Rates of conju-
ation remaining in supernatants of testis extracts from 10- andT
rhe molecular weight markers are indicated; top refers to top of the
esolving gel.
s of reproduction in any form reserved.
223UBC4-Dependent Ubiquitination in the TestisFIG. 6. Immunoperoxidase demonstration on rat testicular sections of the time and site of UBC4 protein expression in the cytoplasm of
spermatocytes and spermatids using affinity-purified anti-UBC4 antibody. The micrographs of this plate are representative cross sections
of tubules at different stages of the cycle of the seminiferous epithelium. (a) Stage IV. Step 4 round spermatids (small asterisks) show
moderate reaction. Step 17 elongated spermatids (large asterisk) show a stronger reaction. Spermatogonia, early spermatocytes, and Sertoli
cells (S) in the basal aspect of the seminiferous epithelium (arrow and inset) are unlabeled. (b) Stage VII. Round spermatids at step 7 indicated
by small asterisk are strongly reactive. Step 19 elongated spermatids indicated by the large asterisk are moderately labeled. Spermatogonia,
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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224 Rajapurohitam et al.immunostaining was visualized in elongated spermatids
(steps 9–18) that was exclusive to the cytoplasm (Figs.
6a–6d). At step 19 a diminution of immunostaining was
observed in the cytoplasm of these cells (Fig. 6b). A remain-
ing immunoreactivity was also observed in residual bodies
(Fig. 6c). Thus, there is low-level expression in spermato-
cytes with progressively increasing expression reaching
high levels in late round spermatids and in elongated
spermatids.
FIG. 7. Hybridization of a 3H-labeled antisense UBC4-1 probe to r
at stage IX of the cycle. Silver grains uniformly overlay all cells of
cells. (b) A cross section of the seminiferous tubules at stage XII
spermatocytes (P) and elongated spermatids (E) are reactive. (c) A cr
overlay all cells of the seminiferous tubule. P, diplotene spermatocy
seen when the 3H-labeled sense UBC4-1 probe was used (data not
early spermatocytes, and Sertoli cells in the basal aspect of the
midpachytene spermatocytes (P) are moderately reactive, step 9 elo
indicated by curved arrow are moderately reactive, however, the
eliminate the methylene blue counterstain. Spermatogonia, lep
seminiferous epithelium (arrow) are unlabeled. (d) Stage XIV (upp
Elongated spermatids (step 14) are strongly labeled (large asterisk).
in the basal aspect of the seminiferous epithelium are unstained.
tubule. Small and large asterisks show reactive spermatids. Sertoli cell
IgG as a primary antibody did not yield any staining (data not shown).
Copyright © 1999 by Academic Press. All rightIn situ hybridization analysis of expression of isoforms
f UBC4. UBC4 consists of a family of isoforms (Wing and
ain, 1995). Since these isoforms have high sequence simi-
arity (.90% amino acid identity) and the polyclonal anti-
odies cannot distinguish between these isoforms, it was
ot possible to determine the relative contributions of
ndividual protein isoforms to the observed induction.
ence we made use of in situ hybridization to study the
xpression and localization of these isoforms in the adult
miniferous epithelium. (a) A cross section of seminiferous tubules
seminiferous tubule. P, pachytene; R, round spermatids; S, Sertoli
er grains overlay all cells of the seminiferous tubule. Pachytene
ection of seminiferous tubules at stage XIII. In general silver grains
E, elongated spermatids (31500). No autoradiographic signals were
n).
iniferous epithelium (arrow) are unlabeled. (c) Stage IX. While
d spermatids are strongly reactive (large asterisk). Residual bodies
pear dark because a blue filter used during photography did not
e spermatocytes, and Sertoli cells in the basal aspect of the
ft tubule). Late-pachytene and diplotene are weakly stained (P).
he lower right, a stage VI seminiferous tubule. Note that all cells
. The inset is a high-power micrograph of a stage V seminiferousat se
the
. Silv
oss ssem
ngate
y ap
toten
er le
On t
3800
is unreactive 31200. Immunocytochemical staining with control
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225UBC4-Dependent Ubiquitination in the Testistestis which contains cells at all of the various developmen-
tal stages. 3H-labeled antisense UBC4-1 or UBC4-2 probes
ere hybridized with testicular sections. The UBC4-1 probe
ielded signal in the majority of the cells of the seminifer-
us tubules including the somatic Sertoli cells (Fig. 7). The
xpression was present from pachytene to midelongated
permatids, but appeared absent in late elongated sperma-
ids. The expression of UBC4-2 probe was selective, seen
nly in germinal cells of the seminiferous tubules and not
n Sertoli cells (Fig. 8). Weak expression of UBC4-2 in
achytene spermatocytes, moderate expression in round
permatids, and strong expression in early elongated sper-
atids were observed. We have previously shown that a
hird isoform, UBC4-testis, is induced in round spermatids
Wing et al., 1996). Thus induction of the UBC4-2 and
UBC4-testis isoforms together could contribute to the in-
FIG. 8. Hybridization of a 3H-labeled antisense UBC4-2 probe to
at stage VII. Note that step 7 round spermatids (R) are moderate
elongated spermatids (E) and spermatogonia (G) are unreactive. (b
spermatids (R) are moderately reactive and pachytene spermatocyt
Sertoli cells (S) are unreactive. (c) A cross section of a seminiferou
reactive. Pachytene spermatocytes (P) are weakly reactive. S, Se
3H-labeled sense UBC4-2 probe was used (data not shown).crease in UBC4 protein expression seen during spermato-
genesis (Fig. 6).
a
d
Copyright © 1999 by Academic Press. All rightDISCUSSION
Previous studies have described testis-specific isoforms of
a ubiquitin activating enzyme (Kay et al., 1991; Mitchell et
al., 1991), a ubiquitin conjugating enzyme (Wing et al.,
1996), and a ubiquitin protein ligase (Muller et al., 1992).
Observations of qualitative increases in ubiquitin conjuga-
tion in chicken spermatids (Agell and Mezquita, 1988) and
ubiquitinated proteins in mouse spermatids (Tipler et al.,
1997) have also been reported. More recently, the inactiva-
tion of the gene encoding the mouse E2 HR6B, a homologue
of S. cerevisiae UBC2, an E2 required for DNA repair,
produced the surprising defect of incomplete spermatogen-
esis (Roest et al., 1996). Although these scattered findings
ndicate that this proteolytic system plays some role in the
ifferentiation of germ cells in the testis, there has not been
miniferous epithelium. (a) A cross section of seminiferous tubule
active. Pachytene spermatocytes (P) are weakly reactive and late
ross section of a seminiferous tubule at stage VIII. Step 8 round
are weakly reactive. Residual bodies (RB), spermatogonia (G), and
bule at stage XI. Early elongated spermatids (step 11) are strongly
cell (31500). No autoradiographic signals were seen when therat se
ly re
) A c
es (P)
s tu
rtolisystematic analysis of ubiquitin conjugation during this
evelopmental process.
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226 Rajapurohitam et al.We report for the first time a detailed study, involving
several complementary approaches, of the regulation of
conjugation of ubiquitin during postnatal development of
the testis. Careful quantitative analysis of both ubiquiti-
nated proteins and rates of ubiquitin conjugation demon-
strated an activation of conjugation that was progressive
and maximal at the age when haploid spermatids become
prominent in the developing testis (Figs. 1–3). These cells
undergo major remodeling as they evolve into mature
tapered, elongated spermatids. Although the ubiquitin sys-
tem is generally considered a selective pathway of protein
breakdown, our ability to demonstrate an activation of
overall conjugation with a concordant increase in steady
state levels of ubiquitin–protein conjugates would argue
that more than a few selected substrates are being targeted
by this pathway in the testis. This would be consistent with
this system playing a role in the loss of many cellular
proteins that is occurring during the differentiation of
spermatids.
Importantly, we have explored the mechanism under-
lying this activation of overall conjugation and have
shown that induction of UBC4 isoforms appears respon-
sible (Figs. 4 and 6). Thus, for the first time, we have
demonstrated in a mammalian system a functional role
for UBC4 which correlates well with observations in S.
cerevisiae that UBC4 and its near identical gene, UBC5,
are required for most of the steady state ubiquitination in
the yeast cell (Seufert and Jentsch, 1990). In mammals,
there are multiple UBC4 isoforms which show high
sequence identity (Jensen et al., 1995; Wing and Jain,
1995). Interestingly, we observed induction of several of
these isoforms during spermatogenesis (Fig. 8) (Wing et
al., 1996). However, the exact timing of induction of
expression of the different isoforms was not synchronous,
suggesting that they have distinct functions during the
developmental program. In support of this, our previous
work has shown that although these UBC4 isoforms are
nearly identical in primary structure, the subtle differ-
ences in sequence can confer differences in substrate
selectivity (Oughtred et al., 1998; Wing et al., 1996).
UBC4 is generally believed to support conjugation by
interacting with E3s, which in turn recognize substrates.
Thus, our data suggest a model in which activation of
several genes encoding individual UBC4 isoforms, each
with distinct specificities for interactions with E3s, leads
to an activation of conjugation to a large spectrum of
proteins.
Our findings also provide insights into the mechanisms
of regulation of the ubiquitin system, an area which still
remains poorly explored. Our data would argue that the
conjugation process is an important locus of regulation.
Theoretically, accumulation of ubiquitinated proteins for
degradation by the proteasome can arise not only from an
activation of conjugation, but also potentially from de-
creased deubiquitinating activity by isopeptidases. Al-
though an intriguing possibility, it does not appear to play a
major role in the regulation that we have observed. Assay-
t
d
Copyright © 1999 by Academic Press. All rightng the extracts in the presence of ubiquitin aldehyde, an
nhibitor of many deubiquitinating enzymes, did not alter
he differences in the rates of conjugation observed between
he 10- and 30-day-old testis samples (data not shown). Our
tudies would also suggest that within the process of
onjugation, E2s are an important site of regulation. Not
nly did we observe regulation of UBC4 isoforms during
evelopment, we also demonstrated that this E2 activity
an be limiting for conjugation in vitro (Fig. 5). This concurs
with previous studies in metabolism showing that rate-
limiting reactions are usually highly regulated in metabolic
pathways (Newsholme and Start, 1973). In contrast E1 was
not rate-limiting and therefore its activity appeared to be in
excess in the testis extracts. Such high-activity enzymes are
generally not subject to physiological regulation (New-
sholme and Start, 1973). Indeed, except for increased E1
activity observed in the extreme example of muscle invo-
lution in Manduca sexta (Haas et al., 1995), there is no
other evidence of physiological regulation of E1 activity.
This is not surprising since E1 appears to be a common
element in the pathway of ubiquitin conjugation, and
regulation at this site would modulate all conjugation of
ubiquitin. In contrast, regulation of individual E2s or E3s is
not only kinetically reasonable, but conceptually attractive
as it would permit specific regulation of conjugation to
specific subsets of target proteins. In addition to our data,
there is evidence for regulation of specific E2 activities
during red blood cell development (Pickart and Vella, 1988;
Wefes et al., 1995). Also in some forms of muscle atrophy,
there is induction of expression of E214k, a UBC2 homologue
(Mansoor et al., 1996; Taillandier et al., 1996; Temparis et
al., 1994; Wing and Banville, 1994). E3s are less well
characterized and so their regulation is even more poorly
understood. However, it does appear that regulation of the
cyclosome E3 by phosphorylation is important in its acti-
vation for conjugation of ubiquitin to mitotic cyclins
(Lahav-Baratz et al., 1995). In the muscle involution of M.
sexta, increased activities of both E2s and E3s were ob-
served (Haas et al., 1995). Although our data indicate an
mportant role for E2 regulation in the control of ubiquiti-
ation, it does not rule out the possibility that increased
ubstrate availability may also contribute to the increased
ate of conjugation and such a possibility remains to be
xplored.
Our data support a model for activation of proteolysis by
he ubiquitin system in which induction of E2s leads to
resentation of more ubiquitinated protein substrates to the
roteasome for hydrolysis. The precise activation of E2s,
ach with distinct specificities, permits proteolysis to be
arefully regulated and selective. The activation of multiple
2s together can quantitatively result in conjugation to a
arge number of protein substrates. Thus, in contrast to the
acroautophagic process of lysosomes where bulk proteol-
sis occurs in a nonselective manner, the ubiquitin system
an be activated to contribute significantly to overall pro-
eolysis and yet remain selective in its targets. In the
evelopment of the testis, such a precise activation of
s of reproduction in any form reserved.
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227UBC4-Dependent Ubiquitination in the Testisdestruction of many proteins may play an important role in
the major cellular remodeling that occurs during spermio-
genesis. However, such a role for the ubiquitin system and
a mechanism of regulation may be relevant in other devel-
opmental processes as well and these possibilities remain to
be explored.
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